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Abstract 

p-Secrecose (|3SEC) was expressed in Drososphila meta/iogasser Schneider 2 (S2) cells transfonncd with cDNAs e^ncod- 
ing pi,4-gB!actosyltransferasfi (GalT) and Gal3l,4-ClcNAc ot2.6-aialyltransferase (ST). The apparent molecular weight of 
recombinant P-sccretase was increased Irom 56kDa lo 61 kDa, A lectin blot analysis indicated that recombinant p-secreiasc 
from S2pSEC/GalT-ST cells (S2 cells co-transformed with cDNAs encoding p-secreiase, Blycosyltnmsfcrascs, GalT, and ST) 
contained the glycan residues of 0I.4-linkod galactoisa and a2.6-linked sialic acid Two dimensional electrophoresis revealed 
that recoznbinam p-secretose fTOm S2pSBC/GaiT-ST cells had a lower isoelectric point compared to p-secretase from control 
S2pSEC cells (S2 cells Transfonned only with p-secrecase cDNA). Recombinant 3-seoretase from transformed S2 cells was also 
present as heterogeneous forms. The enzyme activity of recombinant p-secretase from S2pSEC/CalT-ST cells was enhanced 
up to 260% compared to control S2pS£C cells. We have shown that an exogencous human glycosyliransferase^ cDNA can be 
introduced into S2 cells to extend the N-glycan processing capabiUues of the insect cell line, and iJmi the extended glycosylation 
improves the activity of recombinant p-secreiBSC. 
€i 2005 Elsevier B. V, All riglits reserved, 

Xeywoirti: Recombinum P-sccretasc; Drosophila melanosaster S2 cells; Expression; Aclivity; pl,4-Galnetc?yltransrerase; Gulpl,4-GlcNAc 
cx2,6-iiialyJ tntnafcnue 
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1. Introduction 

Alzheimer's disease is a neurodegenerative disorder 
that is characterized by neuronal loss in tlie brain and 
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by tlie presence of amyloid plaques and neurofibrillary 
tangles (Selkoe, 1991). The major prptein component 
of the plaques i& amyloid ^-peptides ( A^) (Glenner and 
Wong, 1984), Formation of A$ icquiies the proteolytic 
activities of both p-sccrctase (PSEC) and 7-secretasc 
(Haass et al., 1 994) for proteolytic cleavage of the 
amyloid precursor protein (Kang et al., 1987), which 
is a type-I tiaiisinembrane protein that is constitutively 
expressed in many cell types. 

p-Secretase is one of the prime targets for therapeu- 
tic intervention in Alzheimer's disease. A steady supply 
of laige quantities of an active recombinant p-secretase 
is a prerequisite for development of a secretose in- 
hibitor. In this respect, recombmant p^secretase has 
been expressed in insect cells using baculovirus-insect 
cell systems (Charlwood et al., 200 1 ; Bruinzeel et aL» 
2002) and Drosophila melanogaster Schneider 2 
(S2) expression systems (Mallender et a)., 2001). 
A high mannose glycosylated p-secretase reduc^ 
enzyme activity up to 50% in baculovirus-infectcd 
insect cells, and imglycosylatcd p-secretase from 
tunicamycin-treatcd recombinant CHO cells exhibited 
40% of the activity of the glycosylated p-secretase 
from uncreated recombinant CHO cells (Charlwood et 
al., 200 1 ). Thus» the glycosylation state of recombinant 
p-secretase apparently is unportant in maimaLuing 
enzyme activity. However, recombinant expression of 
soluble p-secretase in insect cell systems can result in 
limiting N-glycan processing of glycoproteins due to 
a deficiency in the glycosyltransferases necessary for 
production of the complex oligosaccharide. 

In a recent study, baculovirus expression of both 
human transferrin and pl,4-galactosyltransferase 
(GalT) in high five cells yielded additional galactose- 
containing hybrid oligosaccharide (Ailor tt aL, 
2000). Baculoviral expression of both pi,4- 
galactosyltransferase and a2,6-sialyltransfera9e 
(ST) along with the baculoviral envelope protein 
gp64 in Spodoptfsra frugiperda 9 and high five cells 
was sufficient to obtain slalylglycans (HoUistcr and 
Jarvis, 2001; Breiib$ch and Jarvis, 2001). Bac- 
uloviral expression of three glycosyltransferases. 
GlcNAc transferase II, P 1 ,4-galactosyltransfcrasc, and 
a2,6-sialyltransferase in £a4 cells yielded sialylated 
al-andtrypsin glycoproteins (Chang et aK, 2003). 
These findings indicate That extension of theN-gylcan 
structure by expression of the glycosyln^fcrases 
GalT and ST in transfozmed D. melanogqsier S2 



insect cells is feasible, and that extended glyco- 
sylation can improve the activity of recombinant 
P-secretase. Therefore, we have characterized re- 
combinant P-secretase from D, melanogaster S2 
cells transformed with cDNAs encoding human 
pi,4-galactosyltransferase and Gaipi,4-GlcNAc 
flt2,6-sialyltransferase. 



2. Materials and metiiods 

2.7. Cell line, plasmids, and enzymes 

D, melanogaster Schneider 2 cells were gmwu 
at 27 in T-25 (Nunc, Denmark) flasks in Shields 
and Sang M3 insect medium (Sigma-Aldrich Fine 
ChemicalSi Sl Louis, MO, USA) with a 10% insect 
medium supplement QMS; Sigma), The plasmid 
pMT/BiPA^5-His (3.6kb: Invitrogen, Carlsbad, CA, 
USA) has a metallothionein promoter and a BiP signal 
sequence. The selection plasmid pCoHygro Gnvitro- 
gen), the bacterial hygromycin B phosphotransferase 
gene under control of the constitutive Drosophila 
Copia 5'LTIl promoter, was also used. E, coli JM109 
was used as the primary host for constructing and 
propagating plasmids. E, coli cells were mutinely 
grown and mamtained in LB medium (1% tryptone, 
0.5% yeast extract, and 0.5% NaCl, pH 7.3) containing 
50 p.g mP ' of ampicillin with agitation at 37 ^C, PNA 
restriction enzymes from eitber Proroega (Madison, 
WL USA) or T^ara (Otsu, Shiga, Japan) were used 
according to the manufacturer's instructions. 

2.Z Construction of expression plasmids 

The human p-secretase gene was amplified from 
plasmid DNA, pcDNA3.1-pSEC by PCR with 
sense (S'-AGATCTACCCAGCACGGCATC^S') and 
aniisensc (5'-CTCGAGATAGGCTATGGTCArG.3') 
pruners. The amplified 1317-base pair Augment was 
inserted into the pGEM-T vector to yield pGEM-T- 
PSEC. pMT/BiP-pSEC-VS-His (Fig. lA) was con- 
structed by hisening -5^/11 and Xhol Segments of 
pGBM-T-pS£C between the BglU and Mol sites 
of pGEM-T-pSEC. The cDNAs encoding human 
p 1 ,4-galaciosyltransferase and Gaip 1 ,4-GlcNAc a2,6- 
sialyltransferase were synthesized by RT-FCR using 
total RNA isolated from human placenta cells (Kim 
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(A) SV40pA 



OpIE2pA GP64 promoter 



Opl£2 




{B) ™^ OpIEl promoier 

Fig. 1. A schematic rqircsenrntion of tlio expression plusmida. (A) 
pMT/BiP/^ECA^S-His; (B) pIZT/GalT-ST 

ct al„ 2003). cDNAs were subcloned into plZT for 
constitutive expression in S2 cells. pIZT/GalT-ST was 
designed lo express human p l,4-galacTo$yltnuisfera5e 
(hGalT I, EC2,4.1.22) and Galpl,4-GlcNAc a2.6- 
sialyltnmsferasc (bST6Gal I, EC 2.4.99.1) in S2 cells 
(Fig. 1 B). The proper orientation and the reading frame 
of the inserted gene in all recombinant plasmids were 
confirmed by both restriction enzyme mapping and 
DNA sequencing. 

2,3, Stable rransformation, cell culture, and 
analysis of gene expression 

S2 cells were co-iransfecied with pMT/BiP-pSEC" 
VS-His, pIZT/GalT-ST, and pCoHygro using the lipo- 
fcctin method (Park et al., 2001), S2 cells as a control 
were co-transfected with pMT/BiP-pSEC-VS-His and 
pCoHygro. Stably Transformed polyclonal cell pop- 
ulations of S2 cells wcro isolated after 4 weeks of 
selection with both hygromycin and zeocin, or only 
with hygromycin. S2pSEC/GalT-ST cells (S2 cells co- 
transfoimed with cDNAs encoding p-secretase and 
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glycosyltransfeiases, GalT, and ST) were grown at 
27 ""C in T-25 flasks in 3 ml of M3 medium contain- 
ing 10% IMS, SOO^igml"' of hygromycin B. and 
100 figml~' of zeocin. S2pSEC cells as a control (S2 
cells transformed with only p-secretase cDNA) were 
grown at 27 in T-25 flasks in 3 ml of M3 medium 
containing 10% IMS and 300 jigml"" of hygromycin 
B. Unless otherwise specified, stably n:an$formed S2 
cells were cultured for 7 days to analyze recombi- 
nant protein expression. Stably trazisfonncd S2 cells 
were induced with 0.5 mM CUSO4 after the start of the 
nm. Cultures of S2 cells were centiifuged at 3000 rpm 
for 5min to separate the cells. The supernatant was 
used to identify extracellular recombinant proteins. 
The cell fraction was rocked for 1 h in lysis buffer 
(50mMTris-<n,pH8.0, 1 50 mMNaCi, 0.02% sodium 
azide, lOOjxgml"^ of phenyhnethylsulfonyl fluoride, 
I jigral"^ of aprotinin. and 1% MtonX-lOO) and sub- 
jected to three fitseze-diaw cycles of 10 min in a -70 
freezer and 5 min in a 3 7 * C water batL After centrifug- 
mg cell extracts at 14,000 rpm for 1 5 min to remove cell 
debris, the supernatant was used to id^tify intracellu- 
lar recombinant proteins. 

2,4, Southern blot analysis 

Genomic DNA was prepared from both S2pSEC 
and S2pSEC/GalT''ST ceUs using a standard proce- 
dure (Sambrook et al., J 989), and 10 p.g aliquots were 
digested with either EcoKL and Pstl or EcoBJ and 
Kpnl, A probe was prepared from a 600-bp EcoRJ 
and Pstl fragment of pIZT/GalT-ST, including part of 
the coding region of human P 1 ,4-galactosyltransferasfi. 
and also from a 6&0-bp EcoKL and Kpnl fragment 
of pI2T/GalT-ST, including pan of the coding region 
ofhuman Gaipi,4-GlcNAc ocl^^-sialyltrans&rase. The 
digests and equivalents were resolved on 0,8% agarose 
gel and transferred to Hybond-N membranes followmg 
the manufacturer's instructions (Amersbam-Pharmacia 
Biotech, Piscataway, NJ, USA), Membranes were 
prehyhridized for 2h at 65**C in 6x SSC (Ix is 
0.15 M NaCl/15mM sodium citrate. pH7)/5x Den- 
hardt's solution/0.5% SDS with 0.1 mgml"* of dena- 
mred salmon spcnn DNA was hybridized for an addi- 
tional 1 6 h in the same solution with a ^P-labclcd probe 
labeled by Prime-OrGene Labeling System (Promega). 
After hybridization, membranes were washed in 2x 
SSC/0.1% SDS at 65 ""C for lOmin. in Ix SSC/0.1% 
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SDS at 65 X for \ 0 min, and finally in 0.5 x SSC/0. 1% 
SDS at 65 "C for lOmin, thea scaled in a bag. Ko- 
dak (Rochester. NY, USA) X-ray film was then ex- 
posed 10 the membranes. The band intensity of the 
blot was quantified by densltometiy. The copy num- 
ber of a target genomic DNA sequence was estimated 
by measuring the intensity of hybridization signals of 
genomic bands and comparing the intensity of signals 
by bands that contain known gene equivalents of the 
target sequence. The equivalents of U 5 and 10 copies 
of the target sequence relative to 1 p.g of Drosophila 
S2 cell genome DNAs were calculated using the equa- 
tion (Pasternak, 1993), X=g/G x v/j; where G is the 
genome size in bp, g ^e size of the target gene in bp, ^ 
the size of the insert in bp in the cloning vector, and v 
is the size of the vector plus the insert in bp. Ogives the 
quantity in }Jig of a 'Nector with insert" DNA sample 
that is equivalent to one copy per genome of the target 
sequence. 

2.5, SDS-PAGE and Western blot analysis 

Protein samples that were separated by elec- 
trophoresis on 8-10% polyaciylaraide-SDS gel 
(Laemmli, 1970) were visualized by silver siaining 
(Sambrook ci al., 19S9) and subjected to Western blot 
analysis. The electrophoresed proteins on the gel were 
transferred to a nitrocellulose membrane (Amersham- 
Phannacia Biotech, Piscataway, NJ, USA), blocked 
with 3% skim mQk, mcubated with mouse anti-V5, 
(1:1000 dilution in TBS. InvitiOgcn)^ and probed with 
alkaline phosphatase^onjugated goat anti-mousc IgG 
antibody (1:1000 dilution in TBS, Sigma). The mem- 
branes were washed and BCIP/NBT solution (Am- 
resco, Solon, OH, USA) was added. The reaction was 
quenched with distilled water. 

2 5. Purification of recombinant ^-secretasea 

S2pSEC/GalT-ST cells were cultured for 7 days in 
T-75 flasks with 8 ml of M3 medium containing 10% 
IMS* 0.5 mM CUSO4, 300 |xgml"^ of hygromycin B, 
and lOOfjLgmr^ of zeocin. S2pSEC cells were cul- 
tured 7 days in T-75 flasks with 8 mJ of the M3 medium 
described above with no zeocm. These stably trans- 
formed 52 cells were ceninfuged at 3000 rpm for i min 
to harvest the medium, which was then dialy^ed in Tris 
buffer (20 mM Tri»-Cl, 500 mM NaCl, pH 7.9) for 48 b. 
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The dialyzed medium was added to imidazole to afinal 
concentration of lOmM and incubated with fest-flow 
Ni-NTA resin (Qiagen, Valencia, CA, USA) in a chro- 
matography column (Novagen, Madison, WI, USA), 
according to the manufacturer's instructions. Weakly 
bound proteins were washed with three volumes of 
Tris buffer containing 1 0 mM imidazole. Recombinant 
p-secretases from S2pS£C and S2pS£C/GalT-ST 
cells were then eluted with Tris buffer containing 
200 mM imidazole. Fractions containing the recom- 
binant protein were pooled and dialyzed in buffer 
containing 20 mM TVis-Cl (pH 6.0) to remove the 
imidazole. 

2. 7. Lectin blot analysis of recpmbifumt 
^'secreiases 

After quantification by Western blotting, equivalent 
amounts of purified recombinant ^-secretases were 
used for lectin blotting assays (Jarvis and Finn, 1996). 
Membranes were cut into strips corresponding to 
individual lanes, bbcked, and probed with either 
mouse anti-V5 or biotinylated (Vector Laboratories, 
Burlingame, CA, USA) lectins. The lectins used in 
this study were Ricinus communis agglutinin (RCA), 
which bbids (E-linked galaccose, and Sambucus nigra 
agglutinin (SNA), which binds terminal cx2,6-linked 
sialic acid. Bound lectins and antibodies were detected 
by secondary reactions with alkaline phosphatase- 
conjugated goat anti-mouse IgG antibody and alkaline 
phosphatase-conjugaied avidin (Vector Laboratories, 
Builingame, CA, USA). The membranes were washed 
and BCDP/NBT solution (Amrcsco, Solon, OH, USA) 
was added. For lectin blotting using RCA, purified 
P-secretase was pretreated with 2000 Uml~* of 
Arthchacter urefaciens neuraminidase (Calbiodiem, 
LaJolla, CA, USA) for 6h at 37 *C (Laemmli, 
1970). After the incubation period, pretreated P- 
secretascs were analyzed by SDS-PAGE and lectin 
blotting. 

2.8. Two^imensional electrophoresis 

For the first-dimension, jsaclcctric focusing was 
performed with commercially available unmobilized 
pH gradient (IFO). pH 4-7 gels (Immobiline Diys- 

trip gel, pH 4-7. 13 cm length, Amersham-Pharmacia 
Biotech, Piscataway, NJ, USA) and an IPCphor 
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Isoelectric Focusing System (Amersham-Pbannacia 
Biotech, Piscataway, NJ, USA). Purified recombinant 
protein samples were dialyzed in Iris buffer (20 mM 
Tris-CK pH 7.9) for 12 h« then an amount of 8 vol- 
umes of sample buffer was added (lOM uita, 2.4% 
CHAPS), along with 0.5% IPG buffer and 2,5% 2- 
ME. The mixture was incubated at room ten^eraiure 
for lOmin, then loaded onto IPG geL Isoelectric fo- 
cusing was perfoimed at 100 V for 1 500 V for 3 b, 
and 1500 V for 7 b at 20 "C. After first dimensional 
isoelectric focusing, the strip gel was equilibrated in 
a buffer (Amersham-Pbaimacia Biotech » Piscataway* 
NJ, USA). The strip was then placed on top of the slab 
gel for SDS-PAGE in the second dimension. 

2.9, ^-Secretase activity assay 

Protein concentrations were measured by the 
Bradford method using an RC DC protein assay kit 
(Bio-Rad, Hercules, CA, USA) with bovine scrum 
albumin as a standard. To examine the enzymatic 
activities of purified recombinant p-secretases from 
S2pSEC and S2pSEaGalT-ST cells, reactions 
were performed in a buffer of 0.1 M sodium ac- 
etate, pH 4.5, at 37°C with 10% dimethylsulfoxidc 
(DMSO) and a 20fiM p-secretase substrate, H- 
RE(EDANS)£VNLDAEFK(DABCYL)R-OH (FS-1; 
Calbiochem: LaJolla, CA, USA). A change in the 
fluorescence intensity during substrate hydrolysis was 
measured using a fluoromeier (Turner Digital Fluo- 
rometer, Model 450, Bamstead/Thermolyne, USA), 
An excitation wavelength of 360nm and an emission 
wavelength of 5 15 nm were used to monitor hydrolysis 
of ihe p-sccrctasG substrate. In a kinetic study to 
determine the Michaelis constant (ATm) of the substrate 
for purified recombinant p-secretase, reactions were 
performed in a buffer of O.l M sodium acetate, pH 4.5, 
at 37 °C with 10% dimethylsulfoxide at substrate con- 
centrations of J, 1.5, 5, 10, 15, and 20 \iM, Inhibition 
studies were performed at a substrate concentration of 
20 ^lM with di£fcreat concentrations of the inhibitor, 
(Asn^^^ Sta«7». Val«'2),Amyloid p/A4 Protein 
Precur8or77D (662-675) (Bachera, LaJolla, CA, USA) 
in the reaction mixture. The Michaelis constant and 
the concentration at half-maximimi inhibition (IC50) 
were obtained from a fit of the data using GraphPad 
Software (GraphPad PRISM, Version 4.0} (Heo cl al., 
2001). 
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3. Results and disenssion 

J. /. Analysis of genomic DNAs in S2fiSEC and 
SlpSEC/GalT-ST cells 

The N-linked glycans from most insect cell-derived 
glycoproteins lack a penultimate galactose and a 
terminal sialic acid (Marz et aL, 1995; Jarvis and 
Finn, 1995; Tomiya et al., 2003). One of the rea- 
sons is that insect cells generally appear to have 
an extremely low level of galactosyltransfeiase ac- 
tivity and no detectable sialyltransferase activi^ 
to convert most N-linked side chains to complex 
forms (HoUister and Jams, 2001). We have at- 
tempted to extend the glycosylation of recombinant 
p-secretase expressed in the melanosaster S2 
(S2) cell line by introducing human glycosyltrans- 
ferase genes (pl,4-gaIactosyltransferase and Galpi,4- 
GlcNAc a2,6-sialyltransferase) into the cell line. Sta- 
bly transformed S2 cells co-iransfected with cDNAs 
encoding p-$ecretase and glycosyltransferases were 
obtained and designated as S2pS£C/(3atT-ST cells. 
Stably transformed S2 cells transfected with only p- 
secretase cDNA were also obtained as a control and 
designated as S2PSEC cells. Southern blot analysis 
was used to investigate the insertion of glycosyltrans- 
femses genes in stably transformed S2 cells (Fig. 2). 
Ten microgram of genomic DNAs extracted from 
S2pSEC and S2pSEC/(jalT-ST cells was digested with 
restriction enzymes and d^e digests were examined by 
Southern blot analysis. For a control, 1, 5. and 10 
genome equivalents of pIZT/GalT-ST relative to 10 |xg 
of Drosophila S2 cell genome DNAs were also sub- 
jected to Soudiem blot analysis (lanes 3, 4, 5 in Fig. 2). 
Two probes (prepared frojn a 600-bp EcoBl and Pstl 
fragment, and from a 680-bp EcoRl and Kpn\ frag- 
mentof pI2T/GalT-ST) did not hybridize widi genomic 
DNA from S2PSEC cells G^e 1 in Fig. 2), but did 
hybridize with genomic DNA from S2pSEC/GalT-ST 
cells (lane 2 in Fig. 2). Fig. 2A (Southern blot analysis 
using the probe prepared from the 600-bp £'coRI and 
Pstl fragment) sliows the blot intensity for genomic 
DNAs from S2pSEC/GalT-ST cells (lane 2) with an 
intensity similar to five genome equivalents (equals to 
five copies per genome of the target sequence) (lane 4) 
based on densitometry. Fig. 2B (South^ blot analysis 
using the probe prepared from the 680-bp £boRI and 
Kpnl fragment) shows the blot intensity for genomic 
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Fig. 2. Southern 'blot Qnnlyais of souomic DNAs fTmn S2 gcIIp. 
Ten mkrognim of Bsnomic DNAr extracted from S23SEC and 
S2^SEC/Gr1T>ST cells were digested with reatnction enzymes. All 
digests were resolved by agarpsc gel olectrophoresis os follows: 
lone L for (A) and (B), S2^S£C CS2 cells trRiufomied with OAly 
P-sccreuiso cDNA) cells; lone 2 for (A) und (B), S2pSBaGalT-ST 
($2 celts tnmiifonned with cDNAa coding f^ecteiase and glyco- 
syltTBusFcrascs) cella. The probe for (A) was a 600 bp Cragmcni of 
human pl,4-galtictosyltranafcrB5e cONA. Tito probe fbf (B) was n 
680 bp Cragment ofhunuin Gul91,4-GlcNAc oZ.^-^ialyltransfcras 
cDNA. Lanes 3, 4, and 5 (br A And B repnajcnt 1 , 5, and 1 0 genome 
equivalents of pl2T/GaJT-ST relative lo 10 jig atDrtnophila S2 cell 
genome DNAs. 

DNAs from S2pSEC/GalT-ST cells (lane 2) wixh an 
mtcmity b^twe^ 5 and 10 genome equivalencs (lanes 
3 and 5) based on densitometry. This analysis indicates 
that multiple copies of the glycosyltransferases genes 
were integi^ted into the S2 cell genome. 

3.2. Expression of recombinant ^-secretase in 
S2^SEC and S2^SEC/Ga!T-ST cells 





Fig. 3. WcBtem blot analyais of $2 pella. Tho numbers on the left 
and the arrow indicate the molecular weight morkci? (kDa) and the 
recombinant p-sccretase protein, respectively. (A) Western blot anal- 
ysis of non-tjimafected S2 and S2^5EC (S2 cells Cranaformed with 
only p-secretose cDNA) cells. ( I) Cellular gncttonofnon-transfcctcd 
S2 cells; (2) medium fraction of non-rransfected S2 cells; (3) cellular 
fracdon orS2pSEC cella; (4) medium fraction of S2pSEC cells. CB> 
Western blot analysis of S2pSEC/Ga]T-ST {S2 cells transfoimcd 
with cDNAa encoding p-sccretase and glycosyltraosfiiroscs), und 
control S2|^S£C cells (52 cells transformed with only p-secretose 
cDNA). (1) Medium fhiction ofnon^transfcctcd S2 cells; (2) medium 
fraction orS2pSEC cells; (3) medium finctian of S2p$£C/CalT-$T 
cells. 

secreted recombinant p-secretasc from itansfonncd S2 
cells was approximately 5 kDa. The molecular size of 
the recombinant P-sccretase from S2pSEC/GalT-ST 
cells was probably increased by functional expression 
of GalT and ST in transformed S2 cells. 



3.3, Lectin blot analysis of recombinant 
^secreiase from 52pSEC and S2^SEC/0alT'ST 
cells 



The recombinant p-sccretasc expressed in control 
S2pS£C cells and confirmed by Western blot analysis 
(Fig, 3 A) was prcscm primarily in the medium frac- 
tion. The molecular weight (MW) was approximately 
56 kDa. which is similar to the MW (5 6-57 kDa) 
reponed for recombinant ^-secretase in the S2 ex- 
pression system (Mallender ei al., 2001). ^-Secretase 
secreted into the medium fraction of S2^S£C and 
S2pSECyGalT-ST cell cultures was examined by 
Western blot analysis (Fig. 3B). The molecular weight 
of the secreted recombmant fksecretase expressed in 
S2pS£C/GalT-ST cells was approximately 61 kDa. 
The difference in the apparent molecular weight of 



lYansformed S2 cells were analyzed for production 
of recombinant ^-secrctascs containing a pi»4-UDked 
galactose and an a2,6-linked sialic acid (Fig. 4). The 
recombinant p-secreiases tested were purified from 
S2PSEC and S2pSEC/GalT^T cells by Ni^+-affimty 
purification. Purified ^ecretases were obtained 
from culmres of S2pSEC and S2pSEC/GalT'ST 
cells without visible contaminatmg proteins on silver 
nitrate-stamed SDS-PAGE gel (data not shown). Lectin 
blot analysis revealed that JL communis agglutinin^ 
which is specific to p-lmked galactose, bound only to 
P-sccrctascs produced by S2pSEC/GalT-ST cells (lane 
2B, Fig. 4), S. nigra agglutinin, which specifically rec- 
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Fig. 4. GlycoBylorion of rccombhiant ^•secretase from iniosrormcd 
insect cell lines. Recombinant p-sccrctasQS from S2^SEC Qant I), 
end S2pS£C/0a]T-ST Gane2) cells were unnsfrTTcd to an immol^ilon 
filter. The filter was ihcn cut mio strips amtaiiiing p-fiEcreuue from 
each source, ond ibs strips were probed with anthVS (Ab) {A), Rict- 
nm conununis agglutinin (RCA) (B), QiSamimcus nt'sra agglutinin 
(SNA) (C). Bound lectins and nntiljodics were detecied by aecondajy 
rcBQtions w idi olkaliae pbospbotitfi&conjtigoted goat anti-mou^e IgO 
antibody and alkaline pbosphaiase-conjuistaed avidin. 

ognizes lermitial sialic acid, bound only to ^-sec^etases 
produced by S2pSEC/GalT-ST cells 0»io 2C, Fig. 4). 
HoweveTj tiie recombinant P-secretase produced by 
S2p$BC cells did not acquire any detectable galactose 
or sialic acid, indicating that S2pSEC/GalT-ST cells 
produce recombinant glycoproteins containing both 
|3l,4-liAlced galactose and a2,6-linked sialic acid 
Aldiougb further studies will be required to identify the 
precise structure of the glycosylated P-secretases, sta- 
ble transformation can be used to add mammalian gly- 
cosyltransferases to dipteran Insecr cells and to direcUy 
extend the N-glycosylation pathway of these cells. 

S.4. Two-dimensional electrophoresis of 
recombinant ^'Secretaaefrom S2pSEC and 
S2^S£aGalT-ST cells 

The heterogeneity of purified recombinant P- 
secretases was analyzed by 2D electrophoresis in 
combination with Western blotting (fig. 5). Re- 
combinani p-secrctascs obtained from S2pSEC and 
S2pSEC/GalT-ST cells were subjected to 2D gel elec- 
trophoresis. Six spots, observed &oro the recombi- 
nant p-secretases expressed in S2pSEC cells, were 
detected in two groups of three spots each in a p/ 
range of 4.8-5.7 (Fig. 5A). Purified p-secretases from 




Fig. S. IVo-dimcnsional gel analysis of recombinont p-sccrctaacs 
iiom S2pSEC (A) and S2pSHaGalT-5T (B) ccUs. PuriGed 
sccretases were separaied by pi (using Immcbilinc Drystrip gel| pH 
4-7) tn ttie first dimension* followed by SDS-PaGE in the second 
dimcnsioo, dien analyzed by Western bloc analysis. The p/ range and 
molecular wtdghia m indicated. 

S2pSEC/GalT-ST cells appeared as 15 spots in a p/ 
range of 4.5-5.3 (Fig. 5B), The sialylated fonn of re- 
combinant p-secretases from S2pSEC/GalT-ST cells 
had a lower isoelectric point (Fig. 5), similar to the 
previous finding that the sialic acid residue of the 
glycoprotein exhibits a pi shift to the acidic region, 
compared to non-slaloglycoprotein (ShinKimuTa and 
Breme], 198S; Pirruccello and Lebien, 1985). Recom- 
binant p-secretases from transformed S2 cells also ex- 
hibited a high complexity, duo to many isoforms and 
glyccsylotions. 

5.5. Determination of the Km value, the actiylty, 
and ICso value of recombinant ^^secretase from 
S2^S£C and S2^SEaGalT'ST cells 

Extended glycosylation was investigated to deter- 
mine any afiFect on the Km value and the activity of 
recombinant p-secretases expressed by transfonned 
S2 cells. Rccambinant p-secretases were purified from 
cultures of S2pS£C and S2pSEC/GalT-ST cells by 
Ni^'^'-affinity purification. The K^ values of purified 
p-secretase from S2pSEC and S2pSEC/GalT-ST cells 
were 4.95 ±0.03 and 15.84± 1.10 ;iM, respectively. 
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Recombinazit p-semtase from S2pSEDGalT/ST 
cells exhibited a bwer Kra vahie compared to control 
S2pS£C cells^ indicatiDg that there is a tighter binding 
of recombinant |3-secrctase from S2pS£C7GalT/ST 
cells to the substrate, Evidently, extended glycosyla- 
tion modifies the conformation of p-secretase, which 
results in a dififerent binding affinity for the substrate. 
The eni^yme activities of recombinant p-secretases 
expressed in S2pS£C and S2pSEC/0alT-ST cells 
were also estimated (Fig. 6A). Purified p-sccretases 
from S2pS£C cells e>diibited relative tlaorescence 
units of 16, 42, 81. 126, and 157 at protein concen- 
trations of 1, 2,5, 5, 7.5, and 10 iigml"' . respectively, 




-9 -8 -7 -6 -s 



(B) loB inhibitor coaceniroiion (M) 

Fig. 6. AcUviiies and inhibition of rccombinanc ^-^ecreioses b<im 
SSPSEC and S2^SHC/GalT-ST cells. (A) The enzyme activity in 
purified prepBTfltions of ^-secretase from S2^S£C cfiUa (■) and 
S33SEC/Q&rr-ST eell^ (•X nnd was measured by a fhu^resccncc- 
reaanjoncc encrgy-Hransfcr assay. Tho enzyme aciivliy of impurificd 
conditioned medium (4) was also m«a&-un:d as o control. The octiviiy 
isexprtssed inrelQiivB fluorescence units, (B) The enzyme activity of 
3^etrci wscj from S2pSEC cells (■) nnd S2pSEaGalT-ST cells (•) 
was measured in the presence and absence of dilTerem concentra- 
tions of the inhibitor, (Asn*'". Sta*^', VBl'''*)-amylaid p/A4 proitsin 
precunOHTo (662-675). 



whereas purified p-secretases from S2pSEC/GalT-ST 
cells exhibited relative fluorescence units of 41, 151, 
264, 376, and 464 at the same protein concentrations. 
The activity of the recombinant p-secretase firom 
S2pSEaGalT-ST cells was appaitrntly increased up 
to 260% at a protein concentration of 2.5 ^.g ml"*. 
The concentration at half-maximum inhibition values 
estimated from inhibition analyses using purified p- 
secretases from S2pS£C and S2pS£C/Ga]T-ST cells 
were 1 1 and 139 nM, respectively (Fig, 6B), The IC50 
vahie of recombinant p-secretase from S2pSEC/GalT- 
ST cells was higherthanthe ICso value forrecombinant 
p-secietase from control S2pS£C cells, indicating 
that extended glycosylation might protect recombinant 
p-secretase from the action of inhibitors. Wc assumed, 
based on our lectin blot data and a previous report 
regarding formation of sialylglycans by baculoviral 
co-expression of GalT and ST in insect cells (Hoilister 
and Jarvis, 200 J ; Breitbach and Jarvis, 2001)» that the 
recombinant p-secrctase expressed in S2pSEC/GalT- 
ST cells was sialylated. The activity of the recombinant 
p-secretase from S2pSECVGalT*ST cells was probably 
increased because extended glycosylation apparently 
leads to the proper conformation of the recombhiani 
proteinr 



4. Conclusions 

Wc extended the N-glycan processing capabilities 
of S2 cells to improve the activity of the glycoprotein p- 
sccnstase by transformation ofhuman oDNAs encoding 
P-secreiases and glycosyltransferases (GalT and ST) in 
the S2 cell line. Western blot analysis indicated that the 
molecular weights of recombinant p-secretase were in- 
creased in transformed S2pS£C/GalT-ST cells. Based 
on a lectin blot analysis, recombinant p-secretase from 
S2pSEC/GalT-ST cells contained the galactose and ter- 
minal sialic acid in the oligosaccharide. The enxyme ac- 
tivity of p-sccrctBse from S2pSEC/GalT-ST cells was 
enhanced 2.6 times. To the best of our knowledge, we 
report for the first time an enhanced activity of recombi- 
nant p-secretase expressed m S2 cells co-transformed 
with human cDNA^i coding glycosyltransfcrases. This 
method can produce more authentic recombinant 
glycoproteins with complex N-linked glycsni^ con- 
taining a penultimate galactose and a terminal sialic 
acid. 
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Specific immune responses restored by alteration in 
carbohydrate chains of surface molecules on antigen- 
presenting cells* 

Two class I major hisiocompatibiiity (MHC). muwnl ihaqsc Mjalns and 
H-2*^S differ frani ihc slraiii of origin C57BL/6 (B6, in Jpnc and Iwo^aniinpatidg * 
of tha H-2P^ and- mofeculc, .respectively. The *inl4 ;D** imjiatign^T^^ • 
specific failure of female bml4 mice to generate a. cytotoxic T lyinphoj^ti^ (Te) 
response to the roale-spcdfic antigen H-Y. The allospccific Te response of. CDS* g6 T 
cells agaimt bm6 mutant spleen cells, in cdntrasl to that against o^hci K^ rhniantk, 
is absolutely CDA^ T helper cell dependent. Purified CDS'" T celU completely fail to 
respond. We now report that the inability to mounl these specific immune responses 
is restored by the use of dendritic cells (DC) as antigen-presenting cells (APC). 
Comparison of MVIC expression on various types of AFC by cytofluorimcciy and 
quaniitoltve immunoprecipitation showed very high expression of class I and class 11 
MHC molecules on DC. Strikingly, examination Of class I and class 11 molecules by 
isoelectric focusing revealed qualitative differences as welt. We show that the surface 
MHC class t molecules of DC are present in greater quantity and cany on average 
fewer sialic acids than the same molecules isolated from other AFC types such as 
spleen cells, lipopolysaccHande blasts or concanavalin A blasts. That sialic acids on 
cell surface molecules, including MHC, may play a role in antigen preseotalion is 
suggested by our rmdins.that removal of sialic acids, by neuraaumdase, can restore 
speciftc responses to nonrcsponder AFC as well. 



I Introduction 



TiymphocyYc rcspontfcs against specific antigens are regulated 
by dass I and class 11 molecules encoded by the major his- 
tocompatibility complex (MHC) [1-4]. Failure of T cells to 
respond to a given antigen has been eicptaincd along two main 
lines^ lack of appropriate antigen presentation or, altema- 
ti^icly. deleiions in the T cell repertoire (5-7), It has been 
proposed recently thai the interaction between MHC 
molecules and antigens is a major constraint [S^lOl* Among 
many accessory cell types carrying both class I and class II 
antigen, dendritic cells (DC) possess an exccpn'onBlly MrOng 
Stimulating capacity to induce aJlospecific proliferative T 
belpcr (T||) cell responses to class II MHC antigen [H. 12] and 
allospBeific cytotoxic T cell (Tc) responses to class I MHCanti- 
£ens [nl We have previously demonstrated that DC can be 
used lo overcome several specific immune response defects 
11^16]. However, the unique characteristics of DC as antigcn- 
F«icnting cells (APQ have thus far defied a molecular expla- 
aation. Evidence from different groups has suggested that T 
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cell recognition of stimubtor cells may be influenced by the 
state of glycosylation of the stimulator cells (17-21 ], The class T 
H-2D^ mutant mouse strain bml4 differs in one amino add 
{GIn'° His) from the parental Strain (C57 BU6; B6; H-l^) 
[22]. As a consequence bml4 female mice are unable to mount 
a Tc response against the male specific antigen HY» The class I 
H-ZK** mutant bm6 differs m two amino acids (Tyr"*-» Phe; 
Cygi^r _^ j^^g) Efort, xht parental strain B6 123]. With bm6 
spleen cells (SC) as stimulator ccUs the CDS*^ subset of B6* 
responding cells do not produce interleukin 2 (1L2). As a 
result the 36 anti-bm6 T^ response is strictly CDA'* Tt cell 
dependent, m conirast to the response of B6 T cells against 
other mutants [24]. In the present smdy we first examined 
whether the inability to mount these specitic immune 
responses could be restored by the use of DC as APC. 
Whereas SC were indeed unable to present antigent DCsiimu- 
lated the specifie responses efncicnUy. Our results from com- 
parison of different types of AFC by cytofluorimetry and 
biochemical analysis siiow that DC not only carry a largpr 
amount of class I and class 11 MHC, but also thai the MHC 
molecules on DC on average carry fewer sialic acids. 



2 Materials and mothods 
3.1 Animals and iramunlzallon 

All mice used in this study were bred at the Netherlands 
Cancer Institute. The C57BU6 JCh (B6, H-a**). B6 C-H^2*"»^* 
(bml4) and B6 H-S"** (bm6) mice have been described before 
(14-16). For priming against the male amigen H-Y, female 
mice were primed by one i.p, injection of tO' male DC [13). 

isolation of DC 

DC were isolated by the Steinman protocol [25] with minor 
mndificaiions as described f]3]. BricRy, SC were spun on a 
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dlscontinunitt bo\inc scrum albumin uradieni of 10%. 28'.^ 
and 35*8^ BSA (q = 1,099, I.OWJ and \M\ kg/I) for 30 min at 
IDOCXi X The InteiphBsc (alpha band) 10^2876 was 
removed and cultured for 90 min In glass peiri dishes. 
Nonadherenl cells were discarded and the medium wn^ 
replaced. Alter a further 18 h of culture, nonadherenl cells 
wrc separated Ijy Fc receptor (FcR) roseiring. FcR" cells 
(« DC) were then separated from FcR' cells over a Lvmpho- 
cytC'M. Cushion (Cedarlane Labs., Kornby, dnt;irio, 
Canada). 



2.3 Depletion of T cell subiJopuUtions 

Fractionated Lyt2^ (CD8*) or L3T4* (CD4*) J cell subpopu- 
lations were obtained from nylon wool^passed SC of primed 
(bml4 H-Y specific) or unprimcd (anti^lass I H-2 K*^ 
specific) mice by double ircaiment with cither and-Ly-2,2 
(1:1000 dilution of ascites fluids, NEN. Boston, MA) or anti- 
L3T4 (1 :40 dilution of hybridoma culture supernatant, SN 
172-4. a gift from Dr. H. R. MacDonald) monodonal ami- 
bodies (mAb) and complement (1:10 Low Tox-M rabbit com- 
plement C. Ccdarlanc) os described previously [13, 14]. Cfn- 
cacy of treatment (> 99%) ^as confirmed by flow microf- 
luorimclry. 
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2.6 Blocbemical analj-sis of MHC class I and cla.ss If it,,,!^ 
at the .sui^ace uf APC "^^Ui 

APC were radio-iodinated by the Inctnperoxidase l 
[30]. Nonidet.p4D (NP4n) lysaies were prepared and suS°^ 
to cither two-dimcnsionaJ (2D) gel electrophoresis ar^^ I 
dirpensional (ID^ isoelectric focusing (JEF) . and JqaV^' ' 
dodcqyt 5ulfatc-polyacryla(nidc .gcr:p!eclrophoresti -/^^^ 
PAGE). For .2D^gcl.electropHone«s (311 NP40 lysaii o\7r 
faceriodinaied .cells were.spli.i laiid one lialf -was iubiectirf^^ 
NANAse treatment^ |32]. Ly^r,^.s 

by 2D.gcl electrophorcsfs.as dcscirib^d (32]. For ID tB^^l 
SDS-PAGE, cUss I .antigi?^s were (mmuiioprcdoiiatcd n,,. -2 
NP-40 lysaies as. described. '[32^34], with. a rabbit antl-H^JS 
serum, broadly, readive with imiKne class I MHC n^UcuiK 
Iciftdly provided by Dr. S. G. Nathcnson, Albeit Einstein (S 
lege of Medicine, Bronx, N.Y. For quantitative gel ^ 
trophoresis class I antigens were immunoprecjpltated out ofa 
constant amount of trichloroacetic add (TCA)-precipiiahic 
counts and the immunoprecipit^ies analyzed by 12% SDS- 
PAG£ |3S]. Quantitation of the radioactive bands as exdscd 
from the gel was performed as described (3SJ. For 10-IEF 
analysis constant amounts of tmmunoprccipitaced material 
were loaded on iD-fEF with or withooi previous NANAsc 
digestion as described |32]. 



( 



1 



2.4 Inditctioii and mcasuremcnf of Tt responses 

H-Y Specific and specific ceils were generated . using 
different responder T cell subpopulations as descnbed previa 
ously [13]. Briefly, untreated or fractionated respondcr bml4 
H-Y-primed or unprimed B6 cells (10*) were cultured with 
either irradiated (2500 rad) (male) SC 10^. (male) SC (10') 
treated with neuraminidase (NANAsc) or (male) DC (5 x 
10') stimulator cells in 200 m of culture medium in 96-well 
roundbottom microtiier plates (Flow Laboratories* Ricknvans- 
worth, GB). Stimulator cells were treated with NANAse 
{ChstriUium perfringenj lype VIII, Sigma Blocbemical Co., 
St. Louis, MO) according to the method of COwin^and Chap- 
delaine [19]. In brief, cells were incubated at 5 X 10^/ml in 
Iscovc's medium containing 2U NANAsc for 30 min at 37 'C, 
washed and used for culture. After five days of culture at 37 *C 
in humidified air with S7o CO3, various dilutions of effector 
cells were tcsicd on '^^Cr-Iabeled (raale) target cells [5 x \Q\ 
Upopolysaccharide (LPS) blasts]. The recombinant interleukin 
(IL) 2 (rlL 2) for these smdies was kindly supplied by Biogen 
S.A. (Geneva^ Switzerland) and used at a final concentration 
of 50 U/ml. 



2J Flow cytoriuDrhnelrie analysis 

The mAb used and iheir known speciHciiies have been 
described previously (26-2BJ. Aliquots of 5 x IQ* unlrcaicd or 
treated cells in 100 were incubated at 4 "'C with biotinytalcd 
mAb [28). anti-daii 1 (ami-H-2 D^ D22-249R1 [29] or anti-H.2 
K" K7-65 127| and ami-class II (anti ^A'»'^'*'^ 17/227 (28)). 
After 30 min the cells were washed and 25 |ig/ml avidin- 
fluoresccin conjugate (Becton Dickinson. Sunnyvale, CA) was 
added for an additional 30 min at 4 'C. Control samples were 
stained wilh second-step reagent only. Cells were washed 
ihree times ind all samples were passed through a How 
cytometer (FaCS IV. Bccton Dickinson). 



3 Results 

3.1 ResKoratton of nndgen-specUie responses by DC or SC 
treated ifUh NANAse os APC 

Respondcr spleen cells (unfractionated or depleted of CD4* 
cells) from either H-Y-primed bml4 rcmale mice or unpriced 
normal B6 mice were restUnulated in vitrei with diffcrvnt types 
of APC. The resulting cytolytic activities against (male) target 
cells are shown in Hg. 1 . The left p^nel shows that T cells fron) 
H-Y-pnmcd bml4 female mice failed to kill male target ceOs 
after rcstimuJation with normal male SC (as expected [3fil), 
yet responded when rcstimulated with bml4 DC, in line villi 
our previous resnlia [14» 15]. Tl)e right panel of Fig. 1 shows 
that the failure of CD8^ 86 eells to respond (as expected [24]) 
eould be overcome by stimulation with DC of bm6 miee. After 
(realment of spleen cells u^iih NANAse, both the bmM uiti- 
H-Y response and the B6 fCD8^) aiiti<bm6 response were 
restored to levels observed by responder cells stimulated with 
(untreated) DC, or SC supplemcmed with rlL 2. This level of 
response Is achieved with 10^ NANAse- treated spleen eelli 
and as few as 5 X 10^ DC. whereas 5 x IC^* NANAse-lresfed 
spleen cells do not stimulate a response fdaia not sKown). 



3.2 Flow microfluorinieirlc analysis of untreated or NANAsc- 
ireated stimuUior cells 

Upon comparison of different types of APC from B6 mice far 
MHC expression by cytofluorimetry, DC showed very high 
expression of both class I and doss 11 MHC antigens (Fig. 2). 
Different cell suspensions were analyzed with and without 
prbr treatment with NANAse. Whereas no shift In mean fluo- 
rescence index was observed for DC as a consequence of ihi^ 
treatment. SC. LPS blasts and Con A blasts showed signifi- 
cantly more intense staining after removal of sialic acids* 
These findings indicate chat the epitopes on the latter cell 
types seen by the B22-249RI (anti'H-2 D"*) and 17/327 (anii-I- 
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bml4 H-y 



*Xrr9:fani8 LPS 




""iro^^od msponder cmU paputaiions 
W irftBifta with ami- t-9T4 txtenstibmBpn 

ft^urr /• Rrstoration of Dntigcn-spcdnc Ti respDnScs by antigen prcs- 
eitktiod with DC or SC treated with NANAse. UnfriictiorviCcd or 
(ndionaictl CDS* rcspoodcr T celt iubpopulaiions (lO*) were cui- 
srcd «iih eiiber irradiated (2500 rad) (roab) SC (lO^). (mak) SC 
(10^) ircolcd with NANAsc or (matej DC (5 x lO*) stinnijatar cdb. 
After S dayi varicius dilutions of effector cells were tested on ^'Cr- 
titKled (male) target cells (5 » 10* LPS blasts). The results shown arc 
diHc obcaiiud at a rcspondcr cell eoAcentration of IQ^ (mean of five 
eqidiAena and s£M indicated by bars). These resjwnsw are spedflc 
kaasc ly»is of binl4 female (bm14 anti-H-Y response) or B6 (B6 
tftij'bai6 Tcsponie) Uigti cells was always less than 6%, and restimu- 
Ijtionnf Unrraciion;>Ud B6 respander cdl populaiinns wiih irradiaied 
^gendc B6 Btimutaiar edls (SC. LPS and Con A blasci) Ueared with 
KAKAie did nOI reiMit Ul lysis ofhm£ urget cells (datft nol shown). 
Hw rIL 2 for these studies was used ai a final coAcemration of 
»U'nil. 



antibodies arc rendered tnore accessible by NANAse 
treatmenu Similar re$ult& were obtained with anii-K7-6S (anti- 
K-2 K^) mAb (data noi shown). A logical asstampcioo from 
^se studies is that MHC molecules on DC carry less sialic 
idds than the other APC types as indeed proved co be the case 
Bpon biochemical analysis. 



U Blochvmical analysis of class I and II MHC mokecoles on 
differcnl types of Bd AFC 

To further explore quantitative and qualitative aspecui of 
MHC expression in B6 APC, including sialic acid content, 
llttse cells Were subjected to biochemical analysis. First the 
1^ amount of cell surface MHC class I molecules was deter- 
i^cd by quaniiiaiiuc immunopredpitation with a broadly 
^^ivc polyclonal rabbit anti-mouse class I serum. This 
^\hod of quantitation is independent of sialic acid content of 
molecules as proven by the fad that trealntent of 
^.'^liolabeled lysates with NANAse prior to immunoprtcipita- 
^Qn did not increase the yield of precipitated class I antigens 
Wta not shown), lo contrast to the results obtained with all 
APC types except DC in cytofluoomeiry (see Sect. 3.2), DC 
^pr«5$ed by far the largest surface amounts of class I antigens 
''^ comparison with the other B6 APC types (Hfi. 3Q. Per 
^5anl amount of precipiiable counts and setting the amount 
I ^iss I heavy chains in SC at the arbitrary value of 1.0, 
, ^" A blasts contained 4.8. LPS blasts 2.7 and DC U.5 times 
I **niuch class I antigens. 

^nkingly. examination of class I antigens by lEF revealed 
vt^Htaiivc dlffurcncet ;is well. Class I molecules isolated from 
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SC 



ConA 



ImiMliy la^Mnry uhIIaJ 



ur>lraiifwt 

— — NAMAmi ti««l»d 

J\f>i^^ JiQw miiTDfluonmetrie analysis of untreated (dotted lines) 
~or WANAse-trcatcd (solid lines) stimulator cells: SC, LPS blasts. 
Con A Uaiia and DC. Unear fluorescence hinograms ve aprcsscd 
ui arbitrary units. NANAse treaiment was carried out as described in 
Sect. 2.4. Atiquots of 5 x untreated or treated cells in 1 DO pi were 
incubated at 4 "C with the foUowiD^ bioiifiylaied mAb: (a-d)iio anti- 
body, (c-h) anti-clau I (anli-D* B22'2491U [26]), similar re&olu were 
obtained with snti-lC^ K7-6S (27) (data not shown), (i-l) anri-dass 11 
(anli'I-A^', 17/227 [28]). After 30 min the ceUs were washed and 
25 p^ml a\^n-Quoresocin conjugate (Becmn Dickinson) wu added 
for an additional 30 min at 4 'C. Control samples were stained with 
second-step reagent only. Cells wBf« washed ihiec times and all sam- 
ples were passed through the flow cyiomcicr FACS IV. 



lysates of radio-iodinated DC from B6 oiice contained on aver- 
age 2-^ molecules of sialic acid per molecule of heavy chain, 
whereas on B6 LPS blasts. Con A blasts, or unstimulated SC 
an average of 4 sialic acjds per molecule of heavy chain were 
prrsent (Fig. 3A. B). Similar results were obtained for each 
subunit of I-A^ class fl MHC antigen of B6 cells and for class I 
MHC anfgens of bm6 cell papulations (data not shown), 
Therefore, the class I and dass 11 molecules on DC isolated 
from mouse spleen carry less sialic add tban those on oUter 
types of APC. 

A pulse-diaso experiment performed on class I antigens from 
DC revealed that this lower exu:nt of sialylation is aci)uired 
biosynthetjcally as a consequence of reduced sialylation and is 
not a consequence of the action of neuramiaidascs at the cell 
surface (data oot shown). 



4 DbCiissioii 

The salient findings of this study are (a) MHC exptession on 
DC i.<; both quantitatively superior and qualitatively distinct 
from that on other APC type*. The qualiUtive difference lies 
in the prei^ence of fewer sialic acids on MHC molecules on DC 
than on the other icsied APC. (b)This bu/er degree of sialyla- 
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FTgifrr J. Biochemical analysis of class I molecules fram dilTcrcfit typci of APC from B6 mice. (A) DlffercnDcs In sialylatioii are visible io taul 
cell lysatcs of APC. Total lysaies of DC or LPS blatu were subjected lo 2D £c| eleciropiiQrcsif prior to and after digcsUon or iht lysate «i[h 
NANAsc. Only the tcpon of ihs around 45 kDa is shown. The arrawbcad tndtcntcf ihc ptHition of mi(^i«an of acriti. The mkjof 
radjolBbclcd species in all panels are the duss t hCAvy cha'ms. as venficd by imnuinDprccipitatiDa (not shown). Afref digestion with NANAk, 
class [ heavy chains tram DC and LPS blasts occupy the same {more b&sie) pMiilon on the gel. Anode (-^^ ) U to the left. (B) Class I heavy chains 
On DC carry Ico sialic adds than those on other APC. Lyutes prepared frtmi mdio-iodloatcd cells wcrr subjected to ipimujicprccipitalAOA wiih a 
rsbhit «mi-H'2K* wnim fanii-H-Z). provided by Dr. S. Naihcraon, or nonnal rabbit scnim (NRS). Lysalcs from Cca A blast (C), LPS bUtu 
(LPS), DC or SC were i^d as ttarting material. Tlie resulting immunoprccipitjitei were analyzed by lD-t£F (32]. Id dddiiion. »n aliqi>otof elm 
I antigens precipitated from Con A blasts was analyzed after digestion wiOi NANAsc (C i- N). Note the different distribuKion of sial^ated eSau I 
heavy chains for DC, os co mpared to the other cell types. The omounU of ImmuMprecIpitute loaded for DC were nialdted for radioactivity witb 
those far C and LPS. Only the region of the class I heavy chain Is shown. Movse PrmicroglobiiUji i^m) migrates near the very top (basic end) of 
this lype of [EF gel (33, 2A\, (C) DctcnninaUon of the quantity of class I antigens in different types of APC. Lyates were prepared fioni 
iodbiaicd APC. founts of radioactivity present in the lysates were determined by TCA precipiiation. Equal amountsor radioactivity were ibea 
cubjecied to immuBoprecipUation, using the nibbii anii-H-2 scrum, or normal rabbit serum (NRS; shown for Can A l>lasU). The resuUug 
inununoprcdpitdies were analyzed by SDS-PAGE On o 12% gel followed by autoradiofraphy. The dass I K-chains, localized after autontdiogrf 
phy, were excised and their radioactivity dtftefmincd. Setting the amount of heavy chains in SC at the arbitrary value of 1.0. ihc following relative 
amounts were calculated. Con A blasts: 4.8: LPS blasts: 2.7: PC: 11.5. Ii is asiwned thai the cell surfaces of these different types of cells dtinei 
differ signiricantly in their ability to be radio*iodinaied. 
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lion may contribute to the superior anligen-presenting func- 
tion of DC, since NANAse treatment of nonresponder types 
Of APC restores specific failure of Tcclhi to respond to nomi* 
nal aniigcn or alloandgen* These results do not prove, how- 
ever, tliat only sialic add artachmeni to MHC molecules is 
relevant for APC function. Below wc shall discuss each of 
these points in more detail. 

The high'^dcnsity of class I MHC molecules an DC found by 
cytofluorimetry in our stutJy confirms a previous report based 
on binding of radiolabeled dass l-spedtic antibody [37], Our 
quanli'talivc immunoprccipitaiion results provide unequivocal 
biochemical evidence independent of the talent of glycosyla- 
tion of MHC molecules, thai class I expression on DC is 
indeed quaniliatively superior in comparison with (he other 
APC types tested. This biochemical confirmation of the results 



obtained in binding studies is imponant because our results 
clearly show that extent of sialylatjon strongly affects binding 
of nnii-dass 1 and TI mAb (FACS analysis. Rg. 2) as found 
previously by others Similar findings pertaining to the 
binding of anti-human MHC antibodies on control and NAN- 
Asc-trcated cells have been obtained in our laboratory*. 

It was shown earlier that antigen presenuiion (by 8 cells) is 
improved by NANAse treatment as meastired by proliferatloo 
in mixed lymphocyte culture |19]. It was suggested that diR^- 
ential glycosylation of class U MHC molecules could explain 
the difference in MHC stimulatory potential between resting B 
cells and S cell blasts |lO]. Several additional leporls alsO 
Stress the influence of glycosylation on APC funcibn (17, 18* 



RoltevccK Neefjes. Ploegh and Lucas, submitted. 
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One can therefore pose ihe qu«siion to which extent 
sparsely slalylaied itaic of MHC moIeiwJcs. occurring 
jgiurtlly in DC, contributii.s lo the superior APC futiction of 
^(jc cells. Ac prei^ent there is no simpk answer to thU ques- 
^. First of all it seems likely that the low degree of sialyla- 
(jpft is not confined to MHC moleeules. -ihfire beinjg no reason 
selectively low sialylatlon of MHC only. Raiher wc 
lypaibQSize thfti DC have a generally low sialyUtion state of 
(hcir cdl surface molecules including 1700, that i$ abundantly 
^pressed on DC (37] and- hitherto poorly studied Uructures 
DC, such as counterstructures of adhesion molecules like 
ijA'l- This would create a low net negative charge at the 
ipiifart o( DC, which^ together with the long dendritic projec- 
pons ol ihe&c cells, might explain their pronounced tendency 
(P cluster formation with T cells, that is cgn^idercd so impor- 
iint for APC function [39|. Indeed we observed that the NAN- 
Aie-tredtcd SC APC capable of resloring the response of 
bii]4 T cells 10 H'Y and of CDS" 66 T cells to the bin6 
Diirant, also show markedly enhanced cluster formation with 
die responding T cells (data not shown). 

hthc restoration of the bmH T« response to H-Y presented 
OQ DC, Ihc level of D"*"'* ^yoosylation may be directly rele- 
vant for APC function. ^'Native D -h'ke" epitopes are scrolQgi' 
ally demonstrable on bml4 DC by mAb binding at the same 
«ry bigh binding level as on DC, On bmH SC, in contrast 
r 10 B6 SC. (hcsc epitopes are hardly detectable (15). Likewise, 
pitaing of bml4 femak mice with bmI4 male DC allows the 
apansion of a *^nativc D*-]ike'' repertoire not seen upon 
pining with male SC f 15]. Thus on the D*""" molecule of DC, 
D''-Iilce determinanu are accessible lo D^specific mAb and 
DWsnricied T« cells, thai are not accesible on bmH SC. This 
any be the result of the qualitative diffierence between the 
D^" molecules in these cell types [15]. 

^ Velass I glycosylatiort is considered to be involved in antigen 
ireKntation, the three-dimensional strtictwc of class 1 MHC 
HOv 4]} must be contemplated. The N-Unked gjycosylation 
W prasent in K** and D'' heavy chains include attachment 
Biei at positions 86 and 176, These residues occur *at the 
cnremities of the two a helices that make an essential con- 
tribution to the formation of the putative binding site for (pro- 
^sed) antigen. The close proximity of these two glycans Co 
tetite which binds antigen suggests the possible interference 
4 sialic adds with binding of processed antigen to MHC 
tiQlecules, and/or with the recognition by the T cell receptor of 
^ complex between MHC molecule and processed antigen. 
Otir observations indicating increased binding of class I al 
^main specific mAb. as shown by FACS (Fig. 2) in the face 
^ constant amounts of total class 1 antigen, as delermined 
f^ocbemtcally, show that removal of sialic add can indeed 
J^Prove accessibility of the class J molccwie to "receptors"* 
P^imunoglobulin or T cell receptor) that recognize ihcm [42], 
Increased binding of MHC class 1-specific mAli to mouse lym- 
^cblosts following influenza virus infection was attributed to 
neuraminidase and likewise proven to be due to an 
*^afic in qffinily rather than en increase in the number of 
fj"Jing siics pa)*. Alternatively, differential glycosytation of 
"He Qinss I may affect the interaction between the CD8 
r^^ccule on T, cells and class I MHC. Obviously, at this stage. 

* of ^^^C iJycosyUlion in APC function does not 

l^lcout an additional or even predominant effect uf glycosyla- 
of Dihcr iiurface molecules on APC function. 

'Sieved. NccfiCi. ?i\\CjBh nnd LuCn*. lulimilled. 



Ouantimi jvc unO quali!ali\x» a^pccls nf anitpcn prcscniaiian >4| 

After N ANAsc treatment the response is no longer dependent 
on exogenous rlL 2. This suggests that the response restora- 
tion by DC or by NANAse-treated SC operatw by lowering 
the threshold for IL 2 productiDn by T cells. CDS' T cells in 
particular, thereby decreasing or obviating the need for.CD4* 
Th cells in T^ responses. Direct activation of ; CDfl"*^ Ti 
responses by DC has indeed been dfscumenled in a variety of 
class 1 MHC allospecific ^nd class l-restrjctcd rJpsponses 
(14. 43]. Moreover, this concept implies that defccttvo IL2 
production by CDS' cells in the B6 anii-bm6 T, response (24) 
is restored by stimulation with DC or NANASc-treated SC, 
Preliminary data indicate that this is indeed (he case. (unpub- 
lished observations). Presumably, the more pdwerftil stimulus 
provided by these APC ts responsible for this restoration, A 
recent study indicates that class X MHC>reacth/e T cells don- 
ally segregate into two functionally distinct subsets: IL 2^pro- 
ducing and cytolytic cells with minor (< JQ%) overlap (44]. 
We postulate that DC and NANAse-treated SC either more 
efficiently activate the IL 2-secrering noncytolytic subset of 
CD8^ cells, or induce IL 2 secretion in CDB* T cells with 
actual lytic ability. 

Because both DC and NANAsc^reated SC as APC arc ca- 
pabit of restoring the response defects studied, one might ask 
what the functional significance is of the greater quantity of 
class I MHC on DC in comparison with SC. In this regard it is 
imporuni to stress that stimulation with 10^ NANAsc-trcated 
SC stimulates a Tc response comparable to that observed with 
5 X 10^ DC, confirming our recent study on the presentation 
of viral antigens in which, on a per cell basis, DC are at least 
lO-fold more efficient in APC function than other APC types 
{161. A reoenc study with cell'Sized artificial membranes also 
indicates the importance of class I MHC density [45], 

Restoration of specific T cell response defects by DC or NAN-t^ 
Ase-treated SC is not always achieved. For example the failure 
of the bm 1 K** mutant to generate a Tc response against Sendai .'J . 
virus [46] is not restored by these procedures (l6j. This defect 
could therefore be based on complete failure of the K*^^ 
molecule to associate with a relevant Scndai virus peptide or 
on a true Tc repertoire defect. 

R«eeived Aitgusi 22, t98S: in final revkcd form December 16, idBfi. 
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Our orowin^ oompreheneion of tha biological rolos of 
Qlycan moieties has oreated a otear need for expres- 
sion systems that can produce mammalian-type gly- 
OoprotalnSk Jn turn, thie hae intonetfied interest In un- 
derstanding the protein glycosylatlon pathways of 
the heterologous hosts that are commorUy used for 
recombinant glycoprotein expression. Among these, 
insect cells are the most widely used and, parUeulai^ 
ly In their role as hosts for baculovlrus expression 
vectors, provide a powerful tool for biotechnology^ 
Various studies of the glycosyl&tion patterns Of en- 
dogenous and recombinant glycoproteins produced 
by Insect cells have revealed a large variety of O- and 
N-linked glycan structures and have established that 
the major processed and N-glycan species found 
on these glycoproteins ere (Gal81,3)GalNAc-0- 
Ser/Thr artd Man3(Fuc)GlcNAc2-Af-Asn, respectively. 
Howoverp the ability or Inability of Insect celle to syn- 
thesteo and compartmentaltee sialic acids and to pro- 
duce sialylated glycans remains controversial. This is 
an important issue because terminal sialic acid 
residues play dNarsa biological roles In many glyco- 
conjugates. While most work indicates that insect 
cell-derived glycoproteins are not sialylated, some 
well-controllod studies suggest that slalylation can 
occur. In evaluating this work, it Is important to rec- 
ognize that oligosaccharide structural determination 
is tedious work, due to the Infinite diversity of this 
class of compounds. Furthermore, there is no univer- 
sal method of glycan analysis; rather, various strate- 
gies and teehniciuee can be us«d, which provide gly^ 
eoblelogists with relatively more or less precise and 
reliable results. Therefore, it is important to consider 
the methodology used to assess glycan structures 

Andr6 Verbendlad on 20 Msy 2090. We will miss hisfHsndshlp 
and his anthusiBdm. This review Is dedicated to hlfi memory. 



when evaluating these stucfias. The purpose of this 
review is to survey the studies that have contributed 
to our current view of glycoprotein slalytatlon in in- 
sect cell systems, according to the methods used. 
PossRkle reasons for the disagreement on this topic In 
the literature, which Include the dhrerse origins of bi- 
ological material and experimental artifacts, w0| be 
discussed. In the final analysis, [t appears that if in- 
sect cells have the genetic potential to perform sialy- 
lation of glycoproteins, this is a highly specialized 
function that probably occurs rarely. Thus, the pro- 
ducticn of sialylated recombinant glycoproteins in 
the baculovlrus-insect cell system will require meta- 
bolic engineering efforts to extend the native protein 
glycosylation pathways of insect calls. 
Keywords: BaeulovlaiS/ Glycoproteins/ Insect calls/ 
Recombinant glycoprotelna/Sialylation. 



Introduction 

Considering the rapid progress in sequencing the 
genomes of many organisms, Including humans, the 
availability of expression systems that can be used to 
produce authentic mammalian proteins and glycopro- 
teins has become cmcial. One of tha most Important fea- 
tures of such a system is Its glycosylation potential. In- 
deed, In order to study the biological properties of a 
recombinant glycoprotein or uaa it as a therapeutic 
agent, Its glycosylation pattern must closely resemble 
the In vivo glycosylation pattern of the native product. In- 
sect cells are widely used to produce recombinant pro- 
teins, as they can synthaslze large quamltles of a protein 
of Interest when infected with powarful baculovlrus- 
based gene expression vectors, and they can provide 
post-transiational modiflcations sliDilar to those provided 
by mammalian cells. Studies have shown that glycopro- 
teins produced by all Insect systems studied to data have 
O and N-glycans with core structures similar or Iderrtlcai 
to those produced by aH eukaryotaa. in contrast, most 
studies suggast that Insect cell-derived gtycoprotetns 
typically fall to acquire antennae of the N-acetyltao- 
tosamlnyl type or peripheral augers, especially sialic 
Qokte, which are commonly found on native mammalian 
glycana. Sialic acids play extremely important rolea In 
glycoprotein blotogy. Because they are typically found as 
terminal resklues on cell-surface glycoconjugates or ei^ 
culatory components, they are involved in many cell-cell 
Interactions, Immunologleal reactions and in the clear- 
ance of circulating glycoproteins. Accordingly, the pras- 
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ence or abaence of sIbIIc acids in Insect cells Is a signifi- 
cant and somewhat controversla) Issue regarding the use 
of these cells as recombinant glycoprotein factortas. 

In addition to Us blotechnologteal sldntficance, the 
presence or absence of sialic acids [n Insects Is funda- 
mentally Interesting from a phytogenic point of vlaw. Ac- 
cording to an early review (WanrePi 1 963), sialic adds had 
not baen detected among the Coelenterata, Annelida or 
Sipunculoldea, In contrast, they had been found In all 
vertebrate spades, cephalocords, and achlnoderms and 
were found spomdically among some platyhalmlnths, 
molluscs, and arthropods. In some phyla, KDN (Keto-de- 
oxynauramlnlc acid) was found In place of sialic acid. 
Among the arthropods, lobstera reportedly had sialic 
adds but. at that time, no sialic adds had been detected 
In any Insect or arachnid species examined. 

In this review, we will survey the studies that have oon- 
tributad to our cu/rsnt view of the presence cr absence of 
sialic acids In endogenous, viral and recombinant glyco- 
proteins synthesized by insect calls, taking Into account 
the methods used to determine glycan structures. 



Currant Knowledge of Insoct Cell Protein 
Glycoeylatlon 

There is evidence that many of the glycoprotein procesa- 
ing events known to occur in mammalian cells also occur 
In Insect cells. For a general revlawi sea Mdrz et a/. (1 995). 

The Insect N^ycosylatbn pathway parallals the 
mammalian pathway up until formation of the fbllowing 
structure: 

Man Fuc 
\a1.6 |a1,6 
Man^1 ,4GlcNAcI}1 ,4G)cNAo- Asn 

G|cNAcp1,2Man 

The major Insect cell processing pathway downstream of 
this Intermediate Involves removal of the GlcNIAc ra^due 
by a Golgi-assoctated N-acetylgiucosamlnldase, which 
produces a paudmannose type N-giycan (Altmann et a/.. 
1995; Wagner et al., IGBSa; Marchal et a/., 1999). This 
end-product la the most highly processed glycan found 
on most insect cell-derived N-linkeo glycoproteins. How- 
ever, this does net appear to be the only N-glycan pro- 
cessing pathway found In insect cells, aa vartous reports 
Indicate that these cells also can produce subpopula-^ 
tlona of some glycoproteins comainlng tennlnal N- 
acetytgluoosaminyi, galactosyl, and sialyl residues. The 
0-glycosylation patrtway In many lepldopteran Insect call 
lines produces glycoproteins containing GalNAoa-O- 
Sar/Thr and a subpopulatton of these structures Is further 
proeassed to prtiduca tho Gaipi ,3GBiNAGa-0-Ser/rhr 
core-1 structure (Manser a/., 1985). Both of these Ogly- 
cans ara potential acceptors for sialyl residues. 



Requirements for Glycoprotein Siatylation 

The occurrence of sialic acid In a glycoconjugatefrom a 
particular cell type implies that ttiat ceil can perform the 
fbllowing reaction: 

non-sialylated acceptor <i- CMP-slallc acid slalylated 
acceptor + CMP 

where CMP la cytidine monophosphate. 

Thus, the requirements for slalylaflon of a glycoconju- 
gateare: 

The acceptor acceptors Include N-gJycoprotelns, O- 
gtycoprotains, and glyooilplds, and the sialyl residue can 
be tmnsferred to galactosyl, N-acetylgalactoaaminyl or 
sialyl residues. 

Ttie enzyma: the slalyltransferases ara a large family of 
enzynwe. which all uaa CMP-Nbu5Ac (CMP-N-acetyl- 
neuramlnic aciCQ or Its derivatives e. g. CMP-Neu5Gc 
(CMP-N-glycoiylneuramlnlc acIcO as a donor. These en- 
zymes r^ve high specificity toward the acceptor and gerv- 
eraliy recognize not only the monosaccharide to which 
the sialic acfd Is transferred, but a mora complex glycan 
motif. For a review, sea Harduin-Lepers ef a/. (1 995). 

The donor substrate: the slalylatlcn reaction requires 
the activated form of sialic acid, CMP-NquSAo, or Its de- 
rivatives, ee mantianed abova The CMP-NauAc syn- 
thase, In contrast to other sugar-nucleotlde synthases. Is 
a nuclear resident as shown by biochemical atudias (for a 
review see Kean, 1991) and, more recently, v/ia expres- 
sion of the cloned murine cDNA(M0nster6ta/M 199B). 

Praper subcaiiular localization of both enzyme and 
substrates: siafyiation reactions occur In the trans-Goigi. 
Translocation of donor substrates into the lumen of the 
Golgl apparatus requires a specific CMP-Neu5Ac/CMP 
antlporter, which is wall characterized In mammals (Eck- 
hardtetat, 1996. Hlrschbeigef af., 1698). 



How to Assess the Siatylation Ability of a Cell 

One way to assess the ability of a tissue to sialylata gly- 
coproteins Is to measure slalyltransferase activity in that 
tissue using either endogenous or exogenous acceptors. 
These assaye can be performed by incubating ceil ex- 
tracts, subcellular fractions, or tissue slices with radiola- 
beled CMP-Nleu5Ac. A similar approach is metabolic la- 
beling with radioactive mannosamlne or Neu5Ac. 
although the way by which the latter, anionic precursor, Is 
taken up by cells Is not understood. 

A totally different c^proach la to analyze endogenous 
or recombinant glycoproteins for the prasanea of aiaiyl 
residues. Soma methods utilize neuraminidases, which 
can spacifk»lly ramove eialtc ackis. whereas other meth- 
ods utilise lectins, which can specifically bind sialic acids. 
Among the lectins. MAA ffA^acklamurBnsIs agglutinin) 
and SNA ^awbucus nigra agglutinin) ar© commonly 
used to detect a2,9 and a2,6 sialic adds, respectively. 
The use of neuraminidase must ba coupled with a subse- 
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quant analysis of ttia bloloQical or biophysical properifes 
of the putatively slalytated molocule; for examplo, one 
might connpare tha etactrophomtlc nrtobllltlos of a glyco- 
protein fc}eforo and after neuraminidase treatment 
Lectins can be used to &t£dn elelytated gtyooprotelns after 
electrophoresis and transfer to a membrane or they can 
be used for agglutination assays. Ijactln-ba&ed asfiaya 
must always bo coupled with extensive controls, Includ- 
ing ervloglycosldase treatments, neummtnidase treat" 
ments, and/or the use of competing rDonosaccharldes, 
to verity the cartxshydrate specificity of the lectin binding 
re&ultd. More direct phyalco-chsmlcal methods also can 
be used to detect sialic acids. While early worn Involved 
hfstochemical and colorimetrlc methods, mor$ recent 
etudles havo Involved the separation of glyoan moieties 
by HPLC [high performance liquid chromatography), 
HPAEC (high pH anion exchange chromatography), or 
FACE (fluorophore-aselsted carbohydrate electrophore- 
sis), followed by structural detemnlnationa using mass 
epectrometfy or NMR (nuclear magnetic resonance). 

One factor that can complicate the meaaurament of 
slalyltransferase activities or sialic adds is degradation 
by slalldasBs, which have been detected In Insect celts 
(UcaH era/.. 1993), and could lead to false-negative re- 
sults. The apposite problem Is contamination with sialic 
acids or aialoglycoprotelns derived from the animal 
serum ueed In the cell growth medium, which can pro- 
duce false-posltive results. 



SlalylatJon of Endogenous Insect Cell 
Gtycoproteins 

Endogenous glycoproteins are defined as those that are 
encoded by the cellular genome, thud excluding any gly- 
coprotein expressed during viral Infection, Including ra- 
combinant glycoproteins. 

Detection of Sialyl Residues 

In early studies. Vadgama and Kamat (1969) and Kamat 
(1971) used alclan blue staining, combined with mild add 
hydrolysis and neuraminidase digesllon lo show the 
presence of sialic acids In the salivary glands of Insects 
from several different orders. These conclusions were In- 
consistent with the results of Warren (1963), who ob- 
served no sialic acids In Insects using the thlot>arbltur1c 
acid method. Gee (1975) also euggested that the diuretic 
hormone of the tsetse fly Qtoss/na austen/ contained sial- 
ic acid because it lost Its biological activity after neu- 
ramlnidasa treatment. A more recant study demonstrat- 
ed that spedfic adhesion of Plasmodium ooKtnetes to the 
midgut epitnelium of Aodes aegyptl Involves a midgut 
oarbohycbate llgand and that free N-acBtyineuraminlc 
aold oompetes with the ookinetes In binding assays (Zlel- 
er of a/., 1ddS). However, these authors were unable to 
detect any sialic acids In mosquito midguts u^g a high- 
ly sensitive, HPLC-based fluorometric assay. Scolexin, a 
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t^terfally-lnduced immune protein specifically found In 
ManOuca aoxta larvae, has been shown to contain N- 
acetylneuramlnlc add using <^-M3 (gas chromatogna- 
phy-mass spectrometiy) analysis (KyrlaHldas or a/.. 
199^. 

NauSAc-specHIc lectins have been widely used to ex- 
amine insect cell proteins for sialic adds, t3ut hava pro- 
vided conflicting results. In one study. Davis and Wood 
(1995) used MAA and SNA blotting to idemify sialylated 
glycoproteins In established Insect coll lines from 
SpodopterB frugiperda {Sf2^) and DichopJusk rt/(1>l-368 
and 0Tl-Tf>-6Bl-4). IHowever, no proper specificity corv 
trols were Included In their experiments, in another study. 
McCarthy and Fletcher (1 992) were unable to detect sial- 
ic acids In seven different lepidopteran insect cell tines, 
indud^g Sf21 and TN-36$, using LPA {/Jmutus polyph^ 
mus agglutinin) agglutination assays. Lopez et af. (1999) 
also found no evidence of sialic acids using SNA and 
PNA (peanut agglutinin) lectin blotting analysis of en- 
dogenous glycoproteins from S^odopfe/a fruglperda, Tri- 
chopfusja nl and Mamesf/a brassfcaa and, In this study, 
the lectin blotting results were cent Irnied by MALDh-MS 
(matrix-assisted laser desorptlon Ionization mass spec- 
trometry). 

Finally, a prodsa two-dimensional HPLC and exogly- 
cosldase analysis of membmna glycoprotein glycane 
from three different lapldoptaran insect cell lines (Sf21, 
i2D-Mb-0503 and Bm-N) revealed no evldenca of slalyla- 
tlon (Klibelka0tB/.,iaQ4). 

In summary, the results of most, but not all, of these 
studies suggest that endogenous Insect glycoproteins 
lack sialic acids. The Inconsistency In these results might 
reflect ceil type- and/or devolopmentai ataga-spaciflc 
slalylatlon events. Indeed, sialic acids have been detect- 
ed In ProsopNta irtelano^stBr by cytochemistry using 
LFA {Umax fiavus agglutinin) and by a combination of 
gas-iiquld chromatogmphy and electron-Impact mass 
spectrometry (Roth at a/., 1992). These authors also used 
blotting with an anti-polysiallc acid antibody to demon- 
strata that homopolymers of a2|B linked sialic acids were 
expressed only in embryos between 14 and 18 hours of 
age. These results ehow that sialic acids do occur In 
Olplera, and that some fomis.6. g. polyslallc acid, occur 
In a developmental stage-specific fashion, as shown pre- 
viously for polysialylatlon of the mammalian neuronal ad- 
hesion molecule N-CAM (Vlmref sit, ^BBA, Seki and Aral, 
1993). 

Occurrence of Endogenous Slalyitransferaae Activity 

Some Investigators have used in vitro assays with radio- 
labeled or fluorescent CMP-Neu5Ac as the donor eub- 
sirate to examine Insect cell lysates or subcellular trac- 
tions for slaiyitransferasfi activities (Butters eta/.. 19B1, 
Hooker or a/., 1 999 and Lopez et a/., 1 969). No significant 
slalyltransffirasa activity has ever been detected In these 
assays. Irrespective of the acceptor &ut)strate used. In 
contrast, Himma and Riddlford (1986) raported that the 
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granular phenoloxidasd of the tobacco homworm. Man- 
duca sQxta was p^C}-labeldd when t\$ujto slices were in- 
cubated with P^JNeuSAc. 

The diflarance In these resulta nniQht reflect Insect 
type- or tissua-speclfic differences In sialyttranafefaae 
actlvltlee. differences In establishad cell lines versus In- 
tact Inaecta, or protelrH&peclfIc diffarances, as the latter 
study f ocusad on Incoiporatlon of radiolabeled ataHc acid 
Into a single insect glycoprotein. 

Availability of Endoganous CMP-Nau5Ac 

Fow atudles have examined the oixsurrBnoe of the atalle 
add donor, CMP-NauSAc, In Insect systama. Howaver, 
Hooker ef e/. (1 999) recently reported that they were un- 
able to detect any CMP-Nau5Ac by anion exchange 
chron^atography of the soluble nucleotldeB extracted 
from uninfected Sf9, Sf21, or Ea4 oelte Or from bao- 
ulovfrus-lnfected S19 cells. 



Glycoprotein Sialylatlon during Viral Infection 

The granulosis viruses and the nucleopolyhedrovlmses. 
both of which belong to the family Baculovlridae, can In- 
feet numerous Insect species and are widely studied be- 
cause of their potential applications both aa biological In- 
secticides and aa eukaryotic gene expression vectors. 
The viruaaa dasslflad within the genus baculovlms all 
consist of a nudaocapsid surrounded by an anvatopa. 
which Includes virua-encoded glycoprotalns that are 
translated and modified by the host cell. These glycopro- 
teins can be used conveniently to study Insect cellular 
protein glycosyiatlon machinery baoauea they aro uduai- 
ly synthesized In large quantities. Using the lectin LPA. 
which binds to slailc acids. Bussali and Conslgii (18B5) 
detected one slalylaled glycoprotein synthesized during 
infection of Trichoplusia nl (TN-36a) cells with Pladia In- 
terfiunct&lla granuioala virus. In contmat, several studies 
of nucleopolyhadroviruses Idd to the condualon that no 
viral glycoproteins ware sialylatad. Kretzschmar at al, 
(1994) domonatrated that neuraminidase treatmont had 
no effect on the HPLC profile of the N-glycans Isolated 
from bacdovims ifiutagrBfuha caltfbmica nudear polyhe- 
drosifi virus; AcMNPV)-lnf acted Sf9 cellSv They conclud- 
ed that viral Infection does not alter N-glycosyiatlcn and 
that Sfd cells are not capable of slaiylating glycoproteins, 
Jan/i3 and Finn (1995) used lectin blotting analysis to ex- 
amine N-giycosylatlon of the major AcMNPV envelope 
glycoprotein, gp64 and found no evidence of sialio acid 
when 9pa4 was expressed in three different lepldopteran 
Insect coii linos. l^owavGr« gp64 was slaiylatod when It 
was expressed in mammalian cells. More recently* Jarvts 
eteL (1898b) constnjcted several gp64 mutants, each of 
which had only one of the five potential N-glyoosylatlon 
sites, and found no evidence of sialic acid In any of the in- 
dlvldua) N'llnKed gleans by SNA lectin blotting. Rnally. 
as part of their study. Iteolcer eta!. (1999) showed that 



neither elaiyftransferasa activity nor GMP-Neu5Ac donor 
substrate was detectable In beculovlrus-lnfected Sfd 
ceils, as mentioned above. 

In addition to these Insect-specific vinisesi sonne anl-^ 
mai vinjsas can grow In a wide variety of cultured cella, 
Induding cells of either mamn^allan or inaact origin. TT>ls 
allows for a well-controlled comparison of pn^eln glyco- 
syiatlon by both cell types, as glycosyiatlon of virion pro- 
teins Is mediated by cellular gtycosylation pathways. The 
sialic acid contant of tsdatad virions can be assayed by 
simple colorimetric methods. Schlosmer and Wagner 
(1975) showed that sialyiation of vesicular stomatitis vims 
grown In mosquito cells (Aedas olbofilcius) was very taw, 
resulting In markedly reduced hemagglutlnating activity. 
In vhro sialylatlon restored the hemagglutination tttre of 
this virus to levels approaching those of the same virus 
grown in BHK-21 calls, impaired sialylatlon has also baen 
observed for the Semlild forest virus E2 glyoopnotain pro- 
duced by mosquito cells (StOliar. 1 8BQ) and purified Slnd- 
bls virus grown In mosquito cells^ relative to the same 
vims grown In BHK cells (Stoilar ef a/., 1 976; Klrach ef a/., 
1981). 

Thus, these results provide no evidence for significant 
Induction of glycoprotein sialylatlon pathways dunng In- 
fection of Insect cells by a variety of dlffarent viaises. 



Sialylatlon of . Recombinant Glycoproteins in 
BacuIovlruG-lnsect Cell Expression Systems 

Recombinant bacglovlnises are commonly used as vec- 
tors for the high level expression of foreign genes under 
the transcriptional control of the viral polyhedrin or p10 
promoters, which are exceptionally strong promoters [for 
reviews, see Miller (1988), Luckow and Summers (1988), 
Jarvla (1997)« and Aitmann eta/. (1999)]. Examination of 
baculovlrue-expTBssed glycoproteins for sialylatlon has 
provided conflicting results, which wa will discuss ac- 
conjing to the methods used for sialic acid detection and 
chamcterlzatlon. 

Use of Lectins to Petermlne Glycan Structured 

VisndenbroBck eta/. (1994) showed that porcine interfer- 
on-7 produced by I>acul0vinji8-infected Sf8 cells could be 
stained with SNA and MAA. indicating that this recombl' 
nam pnotein had acquired a2,3 and a2,6-IInked sialic 
acids. Similarly. Davis and Wood (i 995) reported that hu- 
man placental secreted alkaline phosphatase (SEAP) 
produced In Sf2l and TN-388 celt lines reacted ^th SNA 
and concluded that this protein had acquired a2.6-ilnked 
sialic add. This conclusion was weakened by the iacK of 
suitable controls, as discussed above. Simllarty. the oon- 
otuslon that a bovine leukamia virus glycoprptein ex- 
pressed by recombinant baculovlms-lnfected insect cells 
contains slailc acid was waakfinQd by the fact that tt was 
based on the usa of WGA (wheat germ agglutinin), which 
Interacts poorly with eiaJyl residues and has other speci- 
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f IcHled (BUS30 ot a/., 1 90d). Moreover, ttie culture medium 
used In this study contained 5% feta) catf serum, whltih 
could be a source of contamlr^ilng slaloglycopnatelns, 
as dl8cu$89d above. Finally, MM competed with anti- 
bodies In aoompetltlva EUSAtast on the porcine tutropln 
receptor ectodomaln expressed In Sf9 cells. Indicating 
that this recombinant protein contained a2p3 sialic add 
(Palot-Augyefa/Ml999). 

In contmst to these positive results, many investiga- 
tors have been unable to detect sialic add residues using 
lectin-based analyses of Insect cell*der1ved recombinant 
glycoproteins. Among them^ Lehmann etal. (1993) used 
Con A (concanavalln A) affinity chromatography to sepa- 
rate the h4-Qlycar\s from a secreted, chimeric form of a 
human parainfluenza virus type 3 glycoprotein produced 
In SIS cells and their results revealed only oOQomanno- 
sldlc- and pauclmannosidic glycans. Sialic acids were 
not found on human inteiferon col expressed in &f9 cellsp 
as the only positive signal in lectin blots was observed 
with GNA [Gaianthus (Hvall$ agglutinin), which recognizes 
tenninal mannose residues (Vossef a/., 1993). Sugylama 
et bL (1 993) used lectin blotting with DSA {Datura stfrnno 
nlum agglutinin), SNA, MAA and WGA to charactailze O 
glycosylatlon of human |nterferon<i2 synthesized by Sf9 
cells and found no evidence of slalylatlon. Grossmann ot 
a/. (1 997) expressed the human thyroid stimulating hor- 
mone frSH) In Sf9, Sf2l , and BTI-TN-5B1-4 (also known 
a$ High Five) cells and detected no tennlnally slaiylated 
complex oligosaccharides using ConA ar^ IPA. Finally, 
the WGA lectin blotting results of Van de Wiel et aK (1 098) 
suggested that the bovine follicular stimulating hormone 
(FSH) does not acQUlre temilnal sialic acid when ex- 
pressed In 3f2l cells. 

Use of Physlco-Chemlcal Criteria 

Etectrophoretio Mobility of Glycoproteins When hu- 
nwi malanotransfenln was expressed In baculovlrus-ln- 
fected or stabty transfected lepldopteran Insect cells 
(Sfg). neither form of the protein included the higher add 
fomi seen with the native protein produced by human 
cells. This nasult was taken by Hegedus ef ai. (1 999) as an 
Indication that neither recombinant form of the protein 
was sialylated by Insect cells. The lack of a change In 
electrophoratic mobility after neuraminidase treatment 
has also been used to demonstnate the absence of sialic 
acid In recombinant human complement subcomponent 
CIS (Luo et a/.i 1992) and hunr^ a1 -microglobulin 
(Wester ef a/., 1997), both expressed In Sf9 cells. 

Chromatographic Behaviour of Glycans The stmo- 
turas of the O-llnked oligoaaocharldes from a Oaculovlrus- 
exprsssed, tmncated pseudorables vlais glycoprotein 
(gpSO) wem examined by Thonnsen ^ a/. (1900) using gel 
filtration and paper chromatography after metabolic label- 
ing. The major carbohydrate stmctures found In this study 
were GalNAo and. to a lesser extent, Gaipi .3GatNAc but 
both structures were devoid of sialic add. 
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Hsu ef at (1 997) used two-dimensional HPLC mapping 
to analyze the N-glycans on IgG produced by bao- 
ulovinis-lnfectBd 6TVTN-6B1-4 (H^ Five) cells. The re- 
sults of this study showed that Trkhopiusia nf cells could 
produce blantennary N-glycana tennlnating with galactD- 
syl reslduBs; however, there was no evkience of slalyla- 
tlon. 

Expression of recombinant human plasminogen has 
been studied In several Insect cell lines, Including 
Spodopiera frugiperda iPLB-Sf21AE (Davidson et a/., 
1990 and Davidson and Castelllno. 1091 a}, Mamastra 
brassiGao IZI>IVlb05D3 (Davidson and Castelllno, 
1991b}, and Manduca saxta C|y^1 (Davidson and 
Castelllno, 1991b). These Investigators used HPAEC 
analyses to examine the structures of the isi-glycans on 
the recombinant plasminogen produced by these cells. 
The results revealed that ttie protein contained significant 
proportions of sialylated. complex N-Unked ollgosacch^ 
rides. The same results were obtained whether the cells 
were cultured in serum-containing or serum-free media, 
lb date, this remains the only example In which high lev- 
els of sialylated complex oDgosaccharldes were ot>- 
sBfVBd by direct structural analyses of the glycans from 
an Insect cell-derived glycoprotein. Synthesis of these 
complQx-type oligosaccharides was shown to be de- 
pendent on the elapsed post-Infection tlnr>a (Davldeon 
and Castelllno, 1991 a), it has been suggested that hu- 
man plasminogen might be a particularly good substrate 
for limited amounts of terminal processing enzymes 
and/or a particularly poor substrate for the processing N- 
aeetylglucoseminklBse found in these Qelis. These ob- 
servations Imply that Insect cells have the glycosyltran^ 
ferase genes required for the assembly of complex 
N-llnked oligosaccharides arvd that these genes can be 
expressed during infectbn. However, using this same 
method of glycan analysis (HPAEC), Butters atai., (1990) 
found no evidence of sialylated species among the N- 
glycans from HIVgp12Q expressed in Sf9 cells* 

Glycan Analysis by FIuorophore-^Adsisted CerboKy- 
drate Eiectraphoreais (FACE) Slalylatlon of secreted 
alkaline phosphatase (SeAP) produced in TiichupHssla nl 
lanrae. which had been detected by lectin blotting (Davta 
and Wood. 1 995). was reinvestigated by this same group 
(Kulakosky et a/., 1998) using the FACE method. This 
analysis tailed to confirm the presence of sialyl residues 
on SeAP, Irrespective of the host used for production, 
which Included a variety of established cell Dnes ilLyman- 
Via d/^par. Hellotis vfrascans, Bamhyx mari} and larvae 
iSpcxioptara frugfpefda, TrichapluaJa ni, H. vlrascens, a 
morf end Danaus piaxlppu^. According to the authors, 
the discrepancy between their FACE and lectin btottmg 
results could have resulted either from colmmunopreclp- 
itation of a contaminating sialylated glycoprot^n of the 
aame molecular mass or from non-speclflo binding in 
their lectin bkrta. By adding mannosamlne, which can In- 
crease intracellular sugar nucleotide pools, Oonakison ei 
a/. (1999) demonstrated that N-glyoosylation of SeAP in 
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St21 cells was extended to include tormina) N-acstytglu- 
cosamlne. but neither galactosylated nor slalytated 
stnjcturas wara detBctad. 

Glyoan Analysis by Maes Speotrometry Mass apeo- 
trometry, vAiIch Is one of the most powerful tools avallabis 
for carbohydrate structural determinations, has been 
Cised slripe 1093 to chamotdil20 O- and A/-(inl<ed gtycans 
on Insoct cell-derived recombinant Qiycoprotelne. Using 
plasma dBSOrptlon masd epectrcmetry Sugytama ef a), 
(19S3) found no evidence of elalylated 0-glycans on hu- 
man interferon a2 produced In Sf9 cells. Fast atom bom- 
bardment mass spectrometry of glycopsptldes aQowed 
Grabenhorst et d. (1883) to demonstrate tfiat human In- 
terleuMn-a from baculovirus-lnfected Sf21 cells con- 
tained excluslvBty fuoosylatsd pauclmarviosB typa N-gly- 
cans. The N-glycans on Interferan y produced by two 
Insect cell lines (Ea4 and $f9) were studied by matrlx^as- 
sisted laser desorptlon/time of flight (MALD|*70F) mass 
Spectrometry (Ogonah Qt^L, 1 996). Whereas the n&combl- 
nant protein produced by SfB cells had only pauclnf«n- 
no3e-typBglycar«(se©aJ30 Hookereffl/., 1999),thBsame 
protein produced by Ea4 cells contained N-glycans with 
terminal GlcNAc and Gal residues. However, even the Ea4 
calls failed to produce N-glycans containing sialic add. 
Ibis same method was used to demonstratB that human 
lactoferrfn produced by baculovlrua-infacted &f9 ceils had 
only non-sialylated, truncated N-glycans (Salmon etol,, 
1 997)* MALDI and eiectrospray mass spectrometry analy- 
ses allowed Lopez eta/. (1997) to elucidate the structures 
of the N-gtycans on bacuiovirus-e^cpressed bovine lacto- 
ferrln produced In Mamestm brassicse cells. Two families 
of oligosaccharides were found: one consisted of oGgo- 
mannosidic type glycans (Mang to h/lanoGlcNAcs) and the 
other consisted of short, partially fueosyiated pauciman- 
nose-typegiycans, but none were sialylated. Most recent- 
ly. Rudd eta/. (2000) used MALDI-TOF to demonstrate the 
presence of a subpopulatton of terminally gaiacrosylated 
N-glycans on the third Blght-i;y3t0lne domain of the latent 
transforming growth factor-p binding prcteln-1 expressed 
In baculavlru&4nfected High Rve cells. However, they de- 
tected no sialylated stnjctures* 

Engineering Glycoprotein Procressing Pathways 
In the BaciJlovfru6-ln&ect Cell Expression 
System 

Constderlng that the vast majority of N-glycans on glyco- 
proteins synthesized by Insect ceila are of the ollgomarh 
nosldic or paudmannosldic type, the relative Inability of 
these ceils to produce sialylated glycoprotelna oould re- 
flect the absence of functional levels of terminal ^ycosyl- 
transferases In these cells. This Idea led soma lnvestlg» 
tors to attempt to modify the protein N-giyoosytatlon 
pathway In baeulovlrus-fnfected Insect celts by introduc- 
ing exogenous gtycosyltransforase activities Into the sys- 
tem (for a general review, see Jarvls at a/., 19dfia). 



Wagner or af. (1d86b) demonstrated that the N-glycans 
of fowl-plague hemagglutinin expressed In SfB cells 
could be elongated by coaxpresslon of human pi ,2-N- 
acetylglucosamlnyltransferaae I (GNT-I). These authors 
used two different recombinant baculovlaises. one ex- 
pressing the hemagglutinin and the other express the 
human GNTT-l gene, to colnf ect St9 calls. Gtycosylatlon of 
hemagglutinin was evaluated by a tenninal gaiactosyia- 
tlon assay and HPAEC analyses. The results indicated 
that human GNT-I coexpnesslon resulted in the produc- 
tion of hemagglutinin molaeules with a four-fold higher 
content of l^glycans containing tenrtlnal GlcNAc 
residues, hlov^er, completely galactosylated and staly* 
tated complex-type oligosaodliarlde side chains v^re not 
obsen^ed. In another study» Jan4s and Finn (1 996) used a 
new type of baculovlrus vector that can express foreign 
genes Immediately after Infection under the oontrol of the 
promoter from the baculovlral tal gene to express bovine 
pi,4-gaiactosyltransf erase. This resulted in galactosyla- 
tion of the viral glycoprotein. gp64. as demonstrated by 
RCA ipicinus communis agglutinin) lectin blotting with 
appropriate controls. The same results were obtained 
when Sf9 calls were stably transformed to constltutively 
express bovine B1 .4-galBcto3yitrBn3ferBse, then infected 
with wild type AcMNPV (Hollister et a/.. 1 996), Infection of 
these stably-transformed cells (Sf (MGalT) witii a conven- 
tional recombinant baculovlms expression vector encod- 
ing human plasminogen activator also resulted In gatac^ 
tosylatlon of the recombinant protein, as evidenced by 
BCA blotting. However, upregulation of galactosyltrans- 
feraae actl\^ty felled to produce any glycoproteins that 
bound to SNA, indicating that this did not induce produc- 
tion of ci2,6-8lalylated glycoproteins. In their review arti- 
cle, Jarvls Gt qL (19968) reported that infection of 
SfQ4GalT cells with an Immediate early baculovlms vec- 
tor encoding a mammalian a2,6-slaly}transferBse under 
the transcriptional control of tiie lei promoter resulted In 
production of gp64 that bound specifically to botii RCA 
and SNA. These findings (Hollister and Janris, 2001) 
suggest that up-regulatlon of both transferase activities 
allows $f9 cells to produce a foreign glycoprotein with 
N-IInKed glycans containing both p-Dnked galactose and 
tdnninala2.6-nni^sia]]oacld. It is important to note tiiat 
ttils conclusion implies that SfQ cells can produce and 
transport CMP-slalic add, which Is required for glycopro- 
tein sialyiation In addition to the slalyltransterase activity. 
This implication Is not supported by the results of Hook- 
er et al. (1999), who ware unable to detect CMP-stallc 
acid In uninfected or infected Sf9 cells, as discussed 
above. Based on this finding, the latter group concluded 
that genetic modification of l^glycan pnocesslng In Sf9 
oells win be constrained to tomtlnal galactosytation. 
Hopefully, future studies win clarify the discrepancy be- 
tween these two different viewpoints. 
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Conclusion 

Compared to polypeptides end nucleic adds, primary 
structural analysis of gtycans is for more oompncated due 
to the huge diversity of llnl^agds between monosaccha- 
rides. 

Methods of glycan structural analysis Include ool- 
orimetry, endo- and exoglycosldase digestions, perme- 
thylation and anatyeis o1 methylated monosaccharldss 
by 9as-llqu!d chromatography, the use of tectins with 
wellHdsfinBd carbohydrate-binding specificities, and var^ 
lous chromatographic methods, partlcuiarty HPLC and 
HPAEC. However, the application of NMR and mass 
spectrometry methods has provided a technical leap in 
gtycan structural anaiyals. These latter methods have 
been used to establish that Insect cells can modify pro- 
teins by both O* and N-glycosylatlon. In addition, these 
methods have established that the m^or processed O- 
and N-giycan species found on endogenous and most 
bacutovirus-expressed recombinant glycoproteins are 
(Gai0l.3)GalNAc-O-Ser/nv and Man3(Fuc)GlcNAc2-W- 
Asn, respectively. Among the results obtalrwd using oth** 
er technical approaches, some suggest that insects can 
produce slaiylated glycoproteins, whereas most suggest 
that they cannot. There are nwny potential reasons for 
the inconsistency (n these results, including differences 
In the sources and nature of materials used lor analysis. 
Some studies have focused on Inseot cell lines, others on 
Insects. Many different cell lines, derived from different 
Insects, different tissues, and cultured under different 
conditions have been used forthese studies. Soma stud- 
led have examined glycars from total glycoprotein frac- 
tions, some from total memtirane glycoprotein fractions, 
and most have focused on a single, purified model glyco- 
protein. Among the purified model proteins, some stud- 
ies have examined endogsnous proteins, while others 
have examined recombinant proteins. Other potential 
reasons for the different conclusions from different stud- 
ies could Include expertmoital artifacts, such as the loss 
of sialic acids, the Introduction of sialic acids or slalogly- 
coproteins, or the absenoe of proper experimental cor^ 
trols, as discussed above. Finally, It Is imperative to rec- 
ognize that it is extremely difficult to generalise about 
protein glycosylation pathways in Mnsect cells', as in- 
sects are an incredibly diverse group of animals. 
Nonetheless, even with all these caveats, we may still 
conclude that the production and compartmantaltzatlon 
of sialic adds and glycoprotein slalylation are not mejor 
blochen^cal processes In Insect cells. To explain the ex- 
ceptional observations of sialic adds or slaloglycopro- 
telna in Insects, we can speculate that these processes 
might ba highly specialized or might occur only In a tis- 
sue- or developmental stage-specific fashion. Similarly, 
we can speculate that these processes might occur at 
only nominal, usually undetectable levels In established 
insect cell lines end, on rare occasions, these low level 
processes can yield sialytated glycoproteins. The overall 
conclusion that Insect cells generally do not produce sla- 
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lylaied gfycoprotains, with rare exceptions among sp^ 
claiizBd cells or individual model glycoproteins, is consls* 
tent with the results of all welhanalyzed studies in the cur^ 
rent litarature. 

Based on these conclusions, the dfivelopmsnt of engl- 
naanMl Insect oetts able to perfbnin mainmailBn-type gly- 
cosylation can stOl ba considered as a promising field. 
One can expect that the introduction of mammalian 
genes encoding not only glycosyitransferasBs but also 
the enzymes responsible forsugar-nucleotldas (especial^- 
ly CMP-slallc acid, as the endogenous pool must be very 
reduced) blosynthesb and transport can significantly 
modify the glycosylation pattern of Insect ceii-derived 
glycoproteins. However, since insects seem to possess 
the genetic potential to perfonn compiex-type glycosyla- 
tion, which win hopefully be confirmed by future genetic 
studies, another direction for metabolic engineering of in^ 
sect cell glycosylation will be to manipulate the expres- 
sion levels of endogenous glycoproteln-processing en- 
zymes. These new developments will require basic 
nrK^ecular studies to understand the factors that govern 
the precise regulation of the genes Involved In complex- 
type giyean synthesis. 
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